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DEVICE AND NONDESTRUCTIVE METHOD TO DETERMINE 
SUBSURFACE MICRO-STRUCTURE IN DENSE MATERIALS 



BACKGROUND OF THE INVENTION . 

1 . Field of the Invention 

The present invention relates to the field of confocal microscopy and, more 

particularly, the present invention relates to high three-dimensional resolution cross- 
polarization devices for imaging subsurface micro-structure. 

2. Description of the Prior art 

Measurement of detailed subsurface micro-structure is critical in determining 

properties of materials and understanding material processing mechanisms. At 
present, subsurface micro-structure is typically examined by destructive methods 
such as: (a) cutting the sample to examine cross-sectional micro-structure; (b) 
polishing or removing surface layers to examine micro-structure at layers of 
different depths; (c) cutting or polishing the sample at an angle to the surface. 
Destructive examination has several disadvantages, including being time 
consuming, error prone, and inapplicable for live tissues. 

Non-destructive methods (such as microscopy) for examining sub-surface 
detail of materials have been explored. However, most microscopic methods, 
including optical microscopy, can only examine the 2D micro-structure of the 
specimen's surface. This is so because when light is incident on a surface, the 
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majority of the light coming back for measurement originates from the surface, 
unless the material is transparent. For example, during the examination of metals, 
only surface reflection and scattering occur. 

For translucent materials such as ceramics, silicon, and biological materials, 
5 a portion of the incident light may penetrate into the material subsurface. A fraction 
of this penetrating light is back-scattered due to interactions with the internal micro- 
structure. This back-scattered light may escape back from the surface and be 
detected (See FIG. 1). Internally back-scattered light is, however, very weak 
compared with the light incident on the surface. 

10 By selective detection of only the internally back-scattered light, the 

subsurface micro-structure can be determined. One technique to detect and 
resolve depth of the internal back-scattering is optical coherence tomography 
(OCT). The technique is based on low-coherence optical gating of the back- 
scattered light from different depths relative to a reference beam using an 

15 interferometer. Interference occurs when the scattering depth is equal to a 

reference "depth" which is determined by the position of a reflector. Low coherence 
of the light being used ensures a narrow gating of the depth range and therefore 
high resolution. By moving the reflector and synchronously measuring the 
interference signal, the scattering data from various depths can be obtained. 

20 Typical depth resolution is larger than 10 (jm. (See H.R. Hee et al. "Optical 

Coherence Tomography for Ophthalmic Imaging," IEEE Engineering in Medicine 
and Biology, 1995, at 67). 

Another method to separate surface reflection/scattering from subsurface 
scattering is to use the polarization properties of light. In the plane perpendicular to 

25 the direction of light travel, the electric field of the light can be described as having 
two perpendicular components which are referred to, for example, as vertically- 
polarized and horizontally-polarized components when the plane is vertical. When 
incident light is linearly polarized (i.e., with only one polarization component), the 
surface reflected or scattered light typically has the same polarization as the 

30 incident light. The subsurface scattered light, however, may become completely 
depolarized (i.e., with equal intensity in both polarization directions) because of 
multiple interactions with the subsurface micro-structure. When one uses polarized 
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optics to selectively detect the cross-polarized light (i.e. light polarized perpendicular 
to the polarization of the incident light) that is due to subsurface back-scattering, the 
detector signal is related only to subsurface micro-structure variation. Methods 
based on this principle have been successfully used to detect subsurface defects in 
5 ceramic and silicon materials, and for biological tissue. However, because the 

detector receives cross-polarized back-scattered light from all subsurface depths, 
this method has no depth resolution and typically yields only 2D images. 

Confocal microscopy with 3D resolution has been widely used to examine 
biological materials such as cells and tissues. The method uses a point source and 

10 a point detector; both at the focal points of an objective lens which is focused on a 
sample. When high numerical aperture (NA) objectives are used, 3D spatial 
resolution (including depth) can be achieved well below a micrometer. This method 
is usually used to examine semi-transparent biological materials prepared with a 
fluorescent dye. The method is also used to examine the topology of 

15 semiconductor devices using the superb depth resolution of confocal microscopy. 
However, this method cannot be used to examine subsurface micro-structure of 
dense materials such as ceramics. 

A need exists in the art for a method and a device to obtain high-resolution 
three-dimensional information concerning the subsurface micro-structure of dense 

20 materials such as ceramics. 

SUMMARY OF THE INVENTION 
It is an object of the present invention to provide a method and a device to 
obtain high-resolution three-dimensional information concerning the subsurface 
micro-structure of dense materials that overcome the disadvantages of the prior art. 

25 Generally speaking, 'dense' materials are materials that are optically translucent but 
not transparent. 

Another object of the present invention is to provide a method and a 
device to obtain high-resolution three-dimensional information concerning the 
subsurface micro-structure of dense materials such as ceramics. A feature of the 
30 present invention is that only light emanating from below the surface of the sample 
is detected. An advantage of the present invention is that a method and a means 
are provided to exclude light emanating from the surface of the sample which would 
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mask the signal from subsurface structures. 

It is another object of the present invention to provide a non-destructive 
method and device to obtain high-resolution three-dimensional information 
concerning the subsurface micro-structure of dense materials. A feature of the 
5 present invention is to combine cross-polarization/subsurface back-scattering 
detection with scanning confocal microscopy. An advantage of the present 
invention is that the sample is subjected only to light, therefore no destructive 
effects on delicate samples such as living tissues occur. Another advantage is that 
the invention provides micro-structure detail at each of various levels below the 

10 surface of a substrate. 

Briefly, the present invention provides a method for depth-resolved detection 
of subsurface micro-structure and features in a sample (said features including air 
pockets, fault lines, interfaces, and porosity) by illuminating a location or spot on the 
sample with light polarized in a given direction and measuring the intensity of back- 

15 scattered light in another direction of polarization as a function of the x,y,z 

coordinates and of the orientation of the illuminated spot on the sample. In more 
detail, the invented method comprises: allowing positioning and orienting of the 
sample in all directions; illuminating a first spot on the sample with incident light that 
is linearly polarized in a given direction of polarization; detecting light emanating 

20 from the sample that is linearly polarized in a direction distinct from the direction of 
polarization of the incident light; illuminating a second spot by moving said sample 
or said light in one or more directions; and measuring variation in the intensity of the 
light emanating from the sample as the illuminating light is moved from the first spot 
to the second spot. The process is repeated by changing the position of the 

25 illuminated spot in all three dimensions. Also, provision is made for rotating the 
sample in all directions so that the illuminating light would strike the sample at a 
series of angles. 

Also the present invention provides a device for depth-resolved detection of 
subsurface micro-structure and features in a sample, said features including air 
30 pockets, fault lines, interfaces, and porosity and said device comprising: an initial 
beam of light polarized in a first direction; means to deflect said beam towards a 
first spot on a sample which is mounted on a stage that is movable in one or more 
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directions; means to select light emanating from said first spot when said'emanating 
light has a second direction of polarization; means to move said sample relative to 
the deflected beam so that said deflected beam is directed to a second spot; and a 
means to measure variations in the light intensity emanating from said spots. 
5 BRIEF DESCRIPTION OF THE DRAWING 

The foregoing invention and its advantages may be readily appreciated from 
the following detailed description of the invention, when read in conjunction with the 
accompanying drawing in which: 

FIG. 1 is a schematic diagram depicting reflection and scattering of light 
10 from surface and sub-surface structures in a material; 

FIG. 2 is a schematic diagram of a first embodiment of a method and device 
for depth-resolved detection of subsurface micro-structure and features, in 
accordance with features of the present invention; 

FIG. 3a illustrates focusing of a parallel beam by a circular lens; 
15 FIG. 3b illustrates the intensity profile in the focal plane of a parallel beam 

focused by a circular lens; 

FIG. 3c illustrates the intensity profile along the focal axis of a parallel beam 
focused by a circular lens; 

FIG. 4a is a scan image of a mirror sample taken with a 20X objective using 
20 a first embodiment of a non-polarized device for depth-resolved detection, in 
accordance with features of the present invention; 

FIG. 4b is an intensity profile taken of the mirror sample in FIG. 4a, in 
accordance with features of the present invention; 

FIG. 5a is a scan image of a mirror sample taken with a 40X objective using 
25 a first embodiment of a non-polarized device for depth-resolved detection, in 
accordance with features of the present invention; 

FIG. 5b is an intensity profile along depth taken of the sample in FIG. 5a, in 
accordance with features of the present invention; 

FIG. 6 is a cross-polarization subsurface x-y scan image for a silicon-nitride 
30 ceramic taken with a conventional cross-polarization device; 

FIG. 7 is a cross-polarization confocal x-z scan image for the silicon-nitride 
ceramic sample of FIG. 6 taken with a first embodiment of a device in accordance' 
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with features of the present invention; 

FIG. 8 is the cross-polarization confocal x-z scan image for the silicon-nitride 
ceramic sample of FIG. 7 after compensation for optical attenuation along depth, in 
accordance with features of the present invention; and 
5 FIG. 9 is a schematic diagram of a second embodiment of a method and 

device for depth-resolved detection of subsurface micro-structure and features by 
combining cross-polarization/subsurface-back-scattering detection with a scanning 
confocal system, in accordance with features of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

10 The present invention comprises a new method and device for depth- 

resolved detection of subsurface micro-structure and other features in dense 
materials. The materials the micro-structure of which can be studied with the 
present method and device include translucent materials such as ceramics, ceramic 
composites, ceramic coatings, silicon, semiconductors, and biological materials. 

15 Examples of subsurface structure that can be detected include air pockets, fault 

lines, the presence of different grain sizes, changes in porosity, interfaces between 
different structures/materials, etc... These structures exhibit enhanced back 
scattering of the incident light. 

The invention utilizes cross-polarization detection of subsurface back- 

20 scattering with a scanning confocal system to achieve depth resolution of 

translucent materials. The depth that can be reached depends on the sensitivity of 
the detector. With a semi-conductor detector one may detect the back-scatter from 
a depth that is more than four times the optical skin depth of the material (the "skin 
depth" is usually defined as the depth where the transmitted light intensity is 

25 reduced to e"\ or about 37%, of the incident light intensity at the surface). When a 
photo multiplier detector is utilized, depths 80 percent deeper can be analyzed. 

Generally, the method and device facilitates the production of high spatial- 
resolution 3D images of subsurface micro-structure of substrates by scanning in the 
2D surface plane and in the depth direction. A first embodiment of the method and 

30 the device is illustrated schematically in FIG. 2 as numeral 10. A laser 12 delivers a 
beam polarized in a first direction (in what is here defined as the vertical direction) 
by means of a suitable polarization-maintaining optical fiber 15 with a diameter 
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ranging typically between 1 and 10 microns. A suitable laser to be utilized as a light 
source is a HeNe laser of wavelength of 633 nm. Polarized lasers with other 
wavelengths, such as a ThSapphire laser with a tunable wavelength of 0.7-1 
micron, can also be used. Because the fiber 15 is very thin (i.e. 4 pm in diameter; 
5 this fiber should be as thin as possible, preferably a few microns), light exiting from 
the fiber can be considered to be emanating from a point source 20. The diameter 
of the fiber that is used is a function of the laser intensity and the resolution desired 
while the fiber preserves the light polarization. Such fibers are widely commercially 
available for example through Newport Corp., Irvine, CA. 

10 The light from the point-like source is expanded by a lens 30. Except for the 

use of a polarized beam splitter (PBS) 25, the rest of the device is typical of a 
conventional confocal device. The vertically-polarized beam emanating from the 
lens 30 is reflected at some suitable angle (for example 90 degrees) by the PBS 
and focused on a sample 50 by an objective lens 35. 

15 A back-scattered beam 18 is collected by the objective lens 35 and directed 

back to the PBS. The PBS allows only cross-polarized light scattered from the 
subsurface of the illuminated sample region to pass through to the detection path 
55 (the surface-reflected/scattered light has the same polarization as the incident 
beam and is therefore reflected back to the optical fiber). The cross-polarized light 

20 is defined as light polarized in a second direction of polarization (usually 90 degrees 
from the first polarization direction). As defined here, this light is horizontally 
polarized. 

The cross-polarized light is then focused by an imaging lens 60 onto a 
pinhole aperture 65 and the intensity of the light within the aperture is measured by 

25 a detector 70. The size of the aperture is a function of the resolution desired. 

Pinhole apertures from 1 to more than 100 microns in diameter have been used in 
conventional confocal microscopes. Generally, the imaging lens is situated 
intermediate to the PBS and the pinhole. The above components are maintained in 
rigid relation to each other by mounting them on an optical table or a set of optical 

30 benches. 

The detector signal is processed by an optical power meter 75. The optical 
power meter converts the detector output into a signal that is provided to and 
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recorded in a database residing in a personal computer 80. The computer 
controls the x-y-z translation stage 85 whereon the sample is mounted. During a 
typical test, the sample is scanned in the x-y-z directions in a raster fashion (i.e. 
along closely spaced parallel straight lines), and the resulting 3D optical-scattering 
5 image data are related to the subsurface micro-structure of the sample. The 

method described above is often referred to as CPCM (Cross-Polarization Confocal 
Microscopy). The cross-polarization-scattering detection method is described in 
Sun et al. [J. G. Sun, W. A. Ellingson, J. S. Steckenrider, and S. Ahuja, "Application 
of Optical Scattering Methods to Detect Damage in Ceramics," in Machining of 

10 Ceramics and Composites, Part IV: Chapter 19, eds. S. Jahanmir, M. Ramulu, 
and P. Koshy, Marcel Dekker, New York, pp. 669-699, 1999; .M. Zhang, J.G. Sun, 
and Z.J. Pei, "Subsurface Damage Measurement in Silicon Wafers by Laser 
Scattering," Trans. NAMRI/SME, Vol. XXX, pp. 535-542, 2002; W. A. Ellingson, J. 
A. Todd, and J. G. Sun, "Optical Method and Apparatus for Detection of Defects 

15 and Microstructural Changes in Ceramics and Ceramic Coatings," U.S. Patent, No. 
6,285,449 (2001)]. All of these references are incorporated in this specification by 
reference. 

Also, while observation of light emanating from the sample that is polarized 
orthogonally to the incident light has the highest ratio of intensity emanating from 

20 the subsurface to intensity from the surface, one may choose to detect light 

emanating from the sample that is polarized in another direction that is distinct from 
that of the incident light. 

Confocal optical imaging was demonstrated experimentally to obtain 
superior spatial resolution by eliminating contributions from out-of-focus 

25 illuminations. The inventor achieved this by first supplying a high-quality light 

source, i.e., a point source 20, so that a significant portion of the light is focused by 
the objective lens 35 into a small (diffraction limited) spot 52 in the sample 50. A 
spatially-restricted point detector 70 (i.e a detector placed downstream from a point 
aperture) is further used to detect only the light emanating from the focus spot 52. 

30 The spatial resolution of the confocal apparatus is limited only by the size of the 

focus spot which size is determined by the numerical aperture (NA) of the objective 
lens. 
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For a well-corrected objective lens (i.e., one without lens aberrations), its 
focus-spot size is calculated from diffraction theory. For a circular objective, the 
normalized intensity profiles of light in the focal plane (x-y plane, although the profile 
is plotted along x direction because it is axisymmetric) and along the optical axis (z 
direction) are plotted in FIG. 3. It is seen that the intensity (I) reduces from the 
maximum at the focal point (point O) to zero in short distances both in the focal 
plane and along the focal axis. The diameter between the first zero-intensity points 
at either sides of point O in the focal plane is 

D=1.22Mn(NA) 

where X is the wavelength of the light, n is material's refractive index (n = 1 for air), 
and (NA) is the numerical aperture of the lens. The distance between the first zero- 
intensity points in the focal axis direction is z=4\ I n(NA) 2 . In practice, the lateral 
resolution in the focal plane has been defined as: 

Ar = 0.6VJn(NA), 

(1) 

i.e. Ar = D/2, and the depth resolution in the focal axis as: 

Az = 2kln (NA) 2 
(2) 

It should be emphasized that while conventional confocal imaging detects 
light emanating directly from the focused spot as it travels through transparent or 
semi-transparent media, the current method detects cross-polarized back-scattered 
light that has interacted many times with the material's internal micro-structure. As 
noted supra, this interaction produces a change in the polarization direction from 
that of the incident beam. The focused spot within the material may be slightly 
larger due to multiple interactions but should be comparable to that in line-of-sight 
type of detection in conventional methods because the spot size can never become 
infinitely small as stipulated by geometrical optics but is of a finite size as 
determined by the diffraction limit. 

Another feature of the present method is that it can achieve better 
subsurface detection sensitivity than that of the OCT in spite of the fact that both 
methods measure the intensity of the back-scattered light that is produced due to a 
material's micro-structure variations. With low NA lenses, this inventor has 



demonstrated depth resolution of 4 pm. However, depth resolution by confocal 
imaging can achieve 0.2-0.3 pm by using higher NA lenses (see Eq. 2), while the 
depth resolution of typical OCT method is 10 pm. In addition, CPCM sensitivity is 
not affected by strong surface reflection or scatter while surface reflection/scatter 
5 may prevent OCT from detecting near-surface features. 

CPCM is applicable to all materials that are optically translucent (i.e., where 
light can penetrate to a depth below the surface) or semitransparent. Such 
materials include, but are not limited to: (a)ceramics, ceramic coatings, ceramic 
composites; (b) silicon wafers, semiconductor wafers, silicon or semiconductor 
10 integrated circuits (IC's);(c) biological materials and tissues. Optical penetration in 
these materials can be from tens of microns to several millimeters deep. Given that 
the invented method allows detection of back-scattered radiation from regions 
deeper than four skin-depths it is advantageous to program the computer so that 

the detected value of every pixel is multiplied by a factor of e according to its z- 

15 position in the image data, where CX is the linear attenuation coefficient of the 

sample material so as to compensate for intensity decay in the back-scattered light 
within the subsurface 

SAMPLE RESULTS 

An exemplary embodiment of a cross-polarization confocal-imaging system 
20 is depicted in FIG. 2. A polarized He-Ne laser with wavelength of 0.633 pm was 

used. The vertically-polarized laser beam was directed to a polarization-maintaining 
optical fiber of 4 pm in diameter. Light exits from the fiber as if from a point-like 
source and is expanded by a lens to a parallel beam (an optical setup with non- 
parallel beams can also be used). A polarized-beam-splitter (PBS) cube directs the 
25 parallel beam to a 20X microscope objective lens (NA = 0.4) which focuses the 

beam into the sample subsurface. The cross-polarized back-scattered light passes 
through the PBS cube and is focused by a microscope objective onto a 5-pm- 
diameter pinhole aperture and measured by a semiconductor optical detector. As 
illustrated in FIG. 2, the system also includes an optical power meter to measure 
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the intensity of the detected light, a PC, and x-y-z linear-translation stages with a 
stage controller/driver controlled by the PC. 

To assess such a system's alignment and its performance on depth 
resolution, it is a common practice to scan a mirror or some other well-defined 
reflection surface. The result of such an assessment for the present invention is 
depicted in FIG. 4. To conduct this test, the PBS cube is replaced by a non- 
polarizing 50/50 beam-splitter cube while the rest of the system is unchanged. A 
mirror 40 is scanned in the x-z plane where x-direction is parallel to the mirror 
surface 42 and z-direction is normal to the mirror surface. The scan-step size in 
both x and z directions was 2 pm. FIG. 4 shows the scan image (note that there is 
a small angle in the alignment of the mirror surface) and a line profile of the data in 
the z-direction. The intensity (I) is maximum at the mirror surface. The half-width at 
half-maximum (HWHM) 43 is determined to be 12 pm, which is slightly larger than 
the estimated resolution from Eq. (2) (i.e., 8 pm) for the 20X objective. The scan 
image and depth-profile data obtained with a 40X objective (NA = 0.65) are shown 

in FIG. 5, and the measured HWHM of 4 pm is consistent with the estimate of Az = 

3 pm from Eq. (2). The worse depth resolution than that theoretically predicted is 
due to lens aberrations and other inefficiencies and, in the 20X objective case, a 
slight misalignment. 

The system was used to scan a monolithic silicon-nitride ceramic. This 
material is generally dense but contains strong-scattering regions/spots (due to 
higher porosity or differing material structure) distributed throughout the volume. 
FIG. 6 shows a 2D x-y subsurface-scan performed with the x-y plane parallel to the 
sample surface and the image obtained with a cross-polarization-scattering 
detection method described in Sun et al. [J. G. Sun, W. A. Ellingson, J. S. 
Steckenrider, and S. Ahuja, "Application of Optical Scattering Methods to Detect 
Damage in Ceramics," in Machining of Ceramics and Composites, Part IV: 
Chapter 19, eds. S. Jahanmir, M. Ramulu, and P. Koshy, Marcel Dekker, New York, 
pp. 669-699, 1999; .M. Zhang, J.G. Sun, and Z.J. Pei, "Subsurface Damage 
Measurement in Silicon Wafers by Laser Scattering," Trans. NAMRI/SME, Vol. 
XXX, pp. 535-542, 2002; W. A. Ellingson, J. A. Todd, and J. G. Sun, "Optical 
Method and Apparatus for Detection of Defects and Microstructural Changes in 



-11- 



Ceramics and Ceramic Coatings," U.S. Patent, No. 6,285,449 (2001)]. All of these 
references are incorporated in this specification by reference. It is seen that strong- 
scattering spots are distributed in the subsurface, but their depths below the surface 
cannot be determined. 

FIG. 7 shows an x-z scan image obtained using the invented cross- 
polarization confocal system. By conducting additional x-z scans in the y-direction, 
3D images of the subsurface can be obtained. The scan-step size in the x direction 
was 10 and in the z (depth) direction 5 pm. Along the x-direction parallel to the 
surface, the size and distance distribution of the strong-scattering spots are 
consistent with those observed in the x-y scan image in FIG. 6, but now their 
extensions in the depth z-direction are also determined. The signal intensity, 
however, reduces to noise level at an apparent depth 44 of about 100 pm. 

Suitable optical detectors include, but are not limited to photomultiplier 
tubes (PMT), semiconductor detectors, etc. A PMT is typically 2-3 orders of 
magnitudes more sensitive than the semiconductor optical detector used in this 
prototype for the invented system. Had a PMT been used, detection could have 
been extended to deeper regions into the subsurface, up to 180 pm. 

In FIG. 7, signal intensity in the z-direction decreases with the depth z, 
because the intensity of the light traveling in a material is governed by an 
exponential decay with the travel distance (or depth z in the present case), i.e., 

(3) 

where / and l 0 are intensities at depth z and depth z=0, respectively, and Ol is the 
linear attenuation coefficient of the sample material and which can be measured as 
shown in Sun et al, see supra. Under ideal conditions (and ignoring effects due to 
the material's refractive index), if the value of every pixel is multiplied by a factor of 

e according to its z-position in the image data, the effect of intensity decay in the 

back-scattered light within the subsurface will be compensated. The factor of 2 
comes from the fact that both incident and back-scattered beams travel a depth of 
z, thus a total decay distance of 2z. FIG. 8 is a processed image of FIG. 7 after 
compensation for optical attenuation along the depth z. It is apparent that the back- 
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scattering intensity in FIG. 8 becomes uniform along the z-direction. However, this 
compensation operation can only be performed to the depth 44 where signal to 
noise ratio is relatively high. The data become noisy at z = 100 pm as described 
above. 

5 The bright regions in FIG. 8 correspond to regions of low mass density 

within the materials: air pockets, fault lines or cracks, interfaces, porosity, etc . 
Alternate Embodiment 

CPCM detection depth depends on the optical penetration depth of 
materials. It is desirable to detect as deeply as possible. Optical penetration depth 

10 is determined by the material's optical properties that are functions of the impinging 
light's wavelength. For ceramics, for example, the penetration depth typically 
increases with increasing wavelength. By using a solid-state tunable-wavelength 
laser, such as a TkSapphire laser which has a tunable range of 0.7-1 micron, 
optical penetration depth in materials can be increased and optimized. Integrating a 

15 Ti:Sapphire laser into a CPCM system is shown in FIG. 9. 

Biological materials such as tissues typically have lower optical attenuation 
in the near-infrared spectrum (e.g., in wavelengths of 0.8-1 micron). Thus a CPCM 
device with a tunable-wavelength laser may optimize the detection range for 
biological materials. 

20 The CPCM schematic in the first embodiment (FIG. 2) is based on a x-y-z- 

stage unit that is slow for 3D raster scan. An alternative would be to use a laser 
scan system, as shown in FIG. 9. A CPCM device using a beam-scan unit (e.g. a 
system similar to ones used in bar-code scanning where the laser beam is made to 
scan a surface as it reflects from a spinning mirror) is fast and allows for real-time 

25 optical imaging. In addition, a laser-scan system does not require the sample to be 
moved (or it only need be moved slowly in the axial z direction) during scans. The 
laser-scan unit 80 is an x-y scanner in the CPCM schematic of FIG. 9. This system 
can perform real-time imaging of subsurface 3D micro-structure! 

In practice, one may combine features of the two embodiments outlined 

30 supra, and devise a wide variety of embodiments. 

The foregoing description is for purposes of illustration only and is not 
intended to limit the scope of protection accorded this invention. The present 
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invention may be presented in other specific embodiments without departing from 
the essential attributes of the present invention. It is apparent that many 
modifications, substitutions, and additions may be made to the preferred 
embodiment while remaining within the scope of the appended claims, which should 
be interpreted as broadly as possible. 
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